INTRODUCTION
Bladder cancer (BCa) is one of the most frequently diagnosed cancers worldwide and the most lethal malignancy in the urinary system, 1, 2 with 437,442 newly diagnosed cases in 2016. 3 Approximately 20% to 30% newly diagnosed BCa cases are classified into a muscle-invasive subtype or tend to be metastatic, 4 and the 5-year survival rate is only 5% with metastatic BCa. 5 Unfortunately, no effective therapies are applicable in clinic for BCa patients with metastasis. Lymph node (LN) metastasis is a crucial route of metastasis and a significantly prognostic factor for BCa. 6, 7 Thus, a better understanding of molecular mechanisms about LN metastasis in BCa is critical for developing some efficient treatment strategies.
Circular RNAs (circRNAs) are identified as a new class of non-coding RNAs, which are abundant and involved in multiple biological functions in eukaryotic organisms. 8 circRNAs possess a covalently closed-loop structure generated by alternative splicing and backsplicing of pre-mRNA transcripts, 9 which renders a stronger resistance to exonucleases and consequent stability. Initially, circRNAs were considered as non-functional junk RNAs produced by abnormal RNA splicing. 10 With the development of next-generation sequencing, increasingly more circRNAs have been discovered in eukaryotic cells, which indicates that circRNAs have regulatory potency rather than by-products of RNA splicing. 11 MicroRNAs (miRNAs) play an important role in post-transcriptional regulation of gene expression by direct base pairing to target mRNA in untranslated regions (UTRs). The miRNA sponging has been discovered as a classic function of circRNAs, which indicates that circRNAs serve as competitive endogenous RNAs (ceRNAs) to regulate mRNA translation by binding to miRNAs. 12 Recent studies have uncovered that circRNAs are abnormally expressed in human tumors and correlated with tumor progression, diagnosis, prognosis, and metastasis assessment. [13] [14] [15] For instance, the famous circRNA ciRS-7 induces colorectal cancer cells into a more aggressive phenotype by the inhibition of miR-7 and subsequent activation of EGFR and RAF1, providing a novel biomarker in prognosis assessment. 13 Moreover, it has been certified that circYAP1 is a sponge of miR-367-5p to regulate the proliferation and invasion of gastric cancer cells 14 and that circMTO1 serves as a sponge of miRNA-9 to suppress hepatocellular carcinoma progression. 15 Despite several studies revealing that circRNAs could regulate the progression of BCa, [16] [17] [18] current findings about tumor-metastasis-related circRNAs in BCa remain largely unknown.
In this study, we identified a circRNA, circFUT8 (circBase: hsa_circ_0003028), from published RNA sequencing (GenBank: GEO97239) of BCa tissues and matched adjacent normal bladder tissues and verified the results using our established BCa cell line metastasis model. 17 Furthermore, we confirmed that circFUT8 was originated from exon 3 of the FUT8 gene and dramatically decreased in BCa tissues and cell lines. Low expression of circFUT8 in BCa patients was associated with poor prognosis, high histological grade, and LN metastasis. Further mechanism studies demonstrated that circFUT8 inhibited the migration and invasion of BCa cells via sponging miR-570-3p to promote Krüpple-like factor 10 (KLF10) expression.
RESULTS

Validation and Characterization of circFUT8 in BCa Cells
RNA sequencing results of three matched normal and BCa tissues can be downloaded from the GenBank database (GenBank: GEO97239). Based on these data, we screened a significantly downregulated circRNA, circFUT8 (chr14: 65561337-65561766) in BCa. circFUT8 was chosen for further study for the following three reasons: (1) consistent with RNA sequencing results, the abundance of circFUT8 was lower in T24 and UM-UC-3 cell lines compared with that in the normal human urothelial cell line SV-HUC-1 ( Figure 1A) ; (2) circFUT8 was significantly decreased in a highly invasive T24 cell subline, compared with a poorly invasive cell subline ( Figure 1B) , by using our previously established BCa cell line metastasis model; 17 and (3) the further study of circFUT8 is necessary, because its biological functions are rare to our knowledge. The detailed screening processes of circFUT8 are supplied in Figures S1A and S1B.
In browsing the human reference genome (GRCh37/hg19), the result indicated that circFUT8 was derived from exon 3 of the FUT8 gene. Due to the deficiency of 3 0 polyadenylated tail, circFUT8 was almost undetectable by quantitative real-time PCR when reverse-transcription products using oligo(dT) primers compared with random primers, while FUT8 mRNA was not ( Figure 1C ). Sanger sequencing was conducted, and the result certified the existence of the backsplicing junction site ( Figure 1D ). We also designed the convergent primers and divergent primers to amplify the linear and circRNA of FUT8 by quantitative real-time PCR, and cDNA and genomic DNA (gDNA) were used as the template. The nucleic acid products of quantitative real-time PCR were validated by 1% agarose gel electrophoresis. As previously expected, circFUT8 was only amplified by divergent primers in cDNA but not in gDNA ( Figure 1E ). Furthermore, an actinomycin D assay showed that the half-life of the circFUT8 transcript exceeded 24 h, suggesting that the circular form of FUT8 was more stable than the linear form in BCa cell lines ( Figures 1F and 1G ). In addition, RNA extracts from BCa cells were pretreated with RNase R. Compared with linear FUT8 mRNA, quantitative real-time PCR results showed that the circular form of FUT8 was resistant to RNase R ( Figure 1H ).
Nuclear and cytoplasmic extraction assays in T24 and UM-UC-3 cell lines indicated that the abundance of circFUT8 was obviously higher in cytoplasm than in nucleus ( Figure 1I ). The images of fluorescence in situ hybridization (FISH) also showed that the majority of circ-FUT8 was localized in the cytoplasm of the T24 cell line ( Figure 1J ). Taken together, the stable circFUT8 was relatively low expressed in BCa cell lines and mainly distributed in cytoplasm. To explore the expression of circFUT8 in BCa, RNAs extracted from paired BCa tissues were used for quantitative real-time PCR. The result indicated that circFUT8 was significantly downregulated in BCa tissues compared with the matched adjacent normal tissues (Figure 2A ).
Then, 145 BCa tissues with follow-up information were adopted to assess the association of circFUT8 with patients' prognosis and clinical parameters. First, the expression of circFUT8 was analyzed in patients, and the result indicated that LN metastasis was associated with low circFUT8 ( Figure 2B ). Besides, we differentiated this cohort into a high-circFUT8 group and a low-circFUT8 group. A chi-square test was carried out, and results shown in Table 1 indicated that the expression of circFUT8 was correlated with LN metastasis and histological grade, but not other clinical parameters. Additionally, overall survival analysis conducted by Kaplan-Meier method and log-rank test demonstrated low-circFUT8 expression exhibited poor survival rate ( Figure 2C ). To evaluate the biological role of circFUT8 in BCa cells, gain-and loss-of-circFUT8 assays were applied in our study. Two small interfering RNAs (siRNAs) targeting the back-splicing junction site of circFUT8 were designed ( Figure 3A) , and the data indicated a significantly decreased level of circFUT8 after siRNA transfection but no effect on the mRNA level of FUT8 ( Figure 3B ; Figure S2A) . Similarly, the quantitative real-time PCR data also showed the significant upregulation of circFUT8 but no obvious change in FUT8 mRNA level in stably overexpressed circFUT8 BCa cell lines ( Figure 3C ; Figure S2B ). Compared with the negative-control cells, the circFUT8-knockdown cells exhibited the enhanced ability of migration and invasion in wound-healing and Transwell assays ( Figures 3D and 3E) . Moreover, the stable overexpression of circFUT8 cells showed the reverse ability in the same assays ( Figures 3F and 3G ). DExH-box helicase 9 (DHX9) is a wellknown nuclear RNA helicase that can inhibit the production of circRNAs by binding to their flanking inverted complementary sequences. 19 In our study, we found an upregulation of circFUT8 after silencing DHX9 ( Figure S2C ), suggesting that DHX9 may be a potential regulator.
circFUT8 Acts as a Molecular Sponge for miR-570-3p in BCa Cells circRNAs have been reported to act as the sponge to miRNAs in cancers.
14,15 circFUT8 was abundant and stale in the cytoplasm of BCa cells, and we wondered whether circFUT8 regulated the migration and invasion of BCa cells by binding certain miRNAs. It is well known that miRNAs modulate mRNA translation in an AGO2-dependent manner. By RNA immunoprecipitation (RIP) assay for AGO2 in T24 and UM-UC-3 cells, circFUT8 was specially enriched by quantitative real-time PCR ( Figure 4A ), indicating that circFUT8 is involved in the miRNA-mediated mRNA translation.
To screen certain miRNAs binding to circFUT8, we acquired 5 overlapped miRNAs predicted by CircInteractome (https:// circinteractome.nia.nih.gov/index.html) and circBank (http://www.
circbank.cn/) ( Figures 4B and 4C ). 20 The predicted miRNAs by CircInteractome and circBank are also listed in Table S1 .
To identify whether the 5 candidate miRNAs could bind to circFUT8, we constructed a luciferase reporter plasmid by inserting circFUT8 sequence into the psiCHECK-2 vector. Subsequently, 5 miRNA mimics were co-transfected with circFUT8 luciferase reporter plasmid in BCa cells. The results showed that the miR-570-3p mimic could reduce Renilla luciferase (Rluc) activity more effectively (Figure 4D ). We further mutated the binding site of miR-570-3p in the luciferase reporter plasmid and confirmed that the miR-570-3p had no effect on Rluc activity ( Figures 4E and 4F ).
To further verify the interaction between miR-570-3p and circFUT8 in BCa cells, we designed the biotin-coupled circFUT8 probe hybridizing with the back-splicing junction site and performed a pull-down assay. circFUT8 was detected by quantitative real-time PCR and agarose gel electrophoresis after pull-down assay to assess the efficiency of circFUT8 probe ( Figures 4G and 4H ). After purifying the RNAs bound to circFUT8, the results showed that the enrichment of miR-570-3p was significantly increased compared with oligo probe ( Figure 4I ). Furthermore, we transfected the biotin-coupled miR-570-3p mimic or miR-570-3p mutant mimic into BCa cells with stable overexpression of circFUT8. The RNAs captured by biotin-coupled miR-570-3p mimic or mutant were collected. As expected, the biotin-coupled miR-570-3p mimic captured circFUT8 effectively ( Figure 4J ). Moreover, the co-localization between circ-FUT8 and miR-570-3p in BCa cells was certified by RNA-FISH assay ( Figure 4K ). Taken together, these results supported that circFUT8 could directly bind to miR-570-3p, and miR-570-3p was the ideal target of circFUT8 for the following study.
miR-570-3p Promotes Migration and Invasion of BCa Cell Lines by Targeting KLF10
To elucidate the function of miR-570-3p in BCa cells, the mimic and inhibitor of miR-570-3p were used in our study. The miR-570-3p mimic could significantly promote the migration and invasion of BCa cells in Transwell and wound-healing assays (Figures 5A and 5D ). Additionally, the expression of miR-570-3p in BCa tissues and matched normal bladder tissues was also detected by quantitative real-time PCR. Compared with matched normal tissues, the result showed that miR-570-3p was significantly upregulated in BCa tissues ( Figure 5E ), suggesting an oncogenic role of miR-570-3p. Additionally, we also found a negative correlation between circFUT8 and miR-570-3p expression in BCa tissues ( Figure 5F ).
Subsequently, we used miRbase and miRTarBase to predict a tumor-associated gene, KLF10, as the potential target gene of miR-570-3p ( Figure 6A ). To confirm whether miR-570-3p directly targeted KLF10, the 3 0 UTR of KLF10 mRNA containing a binding site with miR-570-3p was cloned into a luciferase reporter plasmid. Then, the reporter plasmid and miR-570-3p were co-transfected into BCa cells, and relative Rluc activity was significantly reduced ( Figure 6B ). Furthermore, we constructed a mutated 3 0 UTR of KLF10-mRNA-associated luciferase reporter plasmid and abolished the binding site of miR-570-3p, and the result showed that miR-570-3p abrogated its ability to decrease Rluc activity ( Figure 6B ).
Transcript factor KLF10 was characterized as a tumor-suppressor gene in cancers. 21, 22 Metastatic brain tumors from lung adenocarcinoma indicated that KLF10 was at an abnormally low level in brain tumors. 21 KLF10 was also identified as an anti-metastasis gene by the inhibition of Slug gene transcription. 22 In our study, functional assays revealed that KLF10 inhibited the migration and invasion of BCa cell lines (Figures 6C and 6D) .
Additionally, transfection of miR-570-3p mimic reduced the expression of KLF10 in protein level, and the opposite effect was conducted by the miR-570-3p inhibitor ( Figure 6E ). We next certified that KLF10 negatively regulated the expression of Slug ( Figure 6F ). Collectively, these findings indicated that miR-570-3p regulated the expression of KLF10 by targeting its 3 0 UTR and that KLF10 could inhibit the migration and invasion of BCa cell lines by reducing the expression of Slug.
circFUT8 Promotes the Expression of KLF10 by Sponging the miR-570-3p
Given that circFUT8 and KLF10 shared the same binding site in miR-570-3p ( Figures 4E and 6A ), we hypothesized that circFUT8 might exert its biological effect in BCa cells, depending on KLF10, by competitively binding to miR-570-3p. By altering the circ-FUT8 in BCa cells, western blot analysis demonstrated that the expression of KLF10 was positively correlated with the level of circ-FUT8, and this biological effect could be partially abrogated by ectopic expression of miR-570-3p ( Figures 7A and 7B ). Subsequently, we verified that miR-570-3p could impair the effect of circFUT8 on inhibiting migration and invasion of BCa cells by co-transfection ( Figure 7C ; Figure S3A ).
As the downstream of KLF10, Slug and E-cadherin could be regulated by circFUT8, and this effect was partially abrogated by modulating the expression of KLF10 ( Figure 7D ). To confirm the role of KLF10 in biological function mediated by circFUT8, we attempted to detect the migration and invasion of BCa cells by simultaneously modulating the expression of circFUT8 and KLF10. Overexpression of circFUT8 decreased the ability of BCa cells to migrate and invade, but co-transfection of KLF10 siRNA partially abolished this effect ( Figure 7E ; Figure S3B ). Taken together, these results uncovered that the circFUT8/miR-570-3p/KLF10/Slug axis played a vital role in the migration and invasion of BCa cells.
The Role of circFUT8 and miR-570-3p in LN Metastasis
To elucidate the roles of circFUT8 and miR-570-3p in LN metastasis of BCa, a popliteal LN metastasis model was used in BALB/c nude mice. Lymph drainage of footpads was directional to popliteal LN, which supplied a sensitive measurement to learn the lymphatic metastasis of BCa ( Figure 8A ). UM-UC-3 cells with stable overexpression of target RNA or vector were injected into the footpads of nude mice.
Strikingly, the volume of LNs was smaller in the overexpression of the circFUT8 group than in that of the vector group 4 weeks post-injection, and hematoxylin and eosin (H&E) staining of LNs indicated that BCa-associated LN metastasis existed in the vector group, suggesting an inhibiting effect of circFUT8 on lymphatic metastasis ( Figures 8B and 8C) . Immunohistochemistry (IHC) of footpad tumors indicated that the expression level of KLF10 was significantly increased in the circFUT8 overexpression group compared with that in the vector group, but the effect was opposite on Slug ( Figure 8D ).
Whereas the volume of the popliteal LNs was significantly smaller in the control group than in the miR-570-3p group 3 weeks post-injection ( Figure 8E ), the LN metastasis was mainly distributed in miR-570-3p group detected by H&E staining ( Figure 8F ). By IHC staining of primary tissues of footpad, results certified that miR-570-3p reduced the expression of KLF10 and promoted Slug expression ( Figure 8G ).
Collectively, our results in vivo revealed that circFUT8 acted with an inhibitory role in the LN metastasis of BCa, whereas miR-570-3p displayed the opposite role.
DISCUSSION
LN metastasis leads a poor prognosis for BCa patients, and, currently, treatment strategies for LN metastasis are limited in clinic. 23, 24 Thus, exploring the molecular mechanisms underlying LN metastasis and screening promising targets may facilitate clinical prevention and therapy. Several long non-coding RNAs involved in LN metastasis of BCa have been reported, including Dancer and Blacat2. 25, 26 Emerging evidence suggests that circRNAs play a critical role in the initiation and progression of several types of cancer, serving as biomarkers to facilitate diagnosis and prognosis. [27] [28] [29] Here, we reported a circRNA termed circFUT8 and systematically elucidated its role in the metastasis of BCa. The level of circFUT8 was downregulated in BCa tissues and correlated with LN metastasis, histological grade, and prognosis. Overexpression of circFUT8 inhibited the migration and invasion of BCa in both cultured BCa cell lines and mouse models. Mechanistically, we demonstrated that circFUT8 modulated the aggressiveness of BCa by regulation of the miR-570-3p/KLF10/ Slug axis.
Accumulating investigations have implied that circRNAs have abundant biological functions and act as miRNA sponges and RNA-binding protein sponges and can even be translated into peptides. [29] [30] [31] [32] Several investigations have revealed that circRNAs are differentially expressed in several human tumors and exert pivotal roles in proliferation and metastasis; 27, 28 and miRNA sponge is the most frequently studied function of circRNA in cancers, briefly, diminishing the miRNA's regulation of the target gene by competitively binding the base-paired part of miRNA. circHIPK3 has been reported to have a regulatory role in human cancer cells by sponging multiple miRNAs. 33 It has been confirmed that circPVT1 is involved in a cell cycle of gastric cancer by indirectly regulating the expression of E2F2 as a sponge of miR-125. 34 In this study, we identified that circ-FUT8 was downregulated in BCa. A previous study illustrated that the invert complementary sequences in genome promoted the formation of circRNAs and that DHX9 could bind to these special sequences and inhibit the formation of circRNAs. 19 In our study, we revealed that the expression of circFUT8 was elevated by silencing DHX9, suggesting that DHX9 was a potential upstream regulator of circFUT8.
AGO2 is involved in the RNA-induced silencing complex, which facilitates the repressing or degrading of target mRNAs by miRNAs. 35 The subcellular location revealed that circFUT8 was mainly distributed in cytoplasm, and circFUT8 was specially enriched by RIP assay for AGO2, which strongly supports the hypothesis that circFUT8 may function as a miRNA sponge. The prediction of targeted miRNAs and several assays, such as pull-down assay, dual-luciferase reporter assay, and biotin-coupled miRNA capture assay, indicated that circFUT8 harbored the binding site with miR-570-3p. The RNA-FISH assay also demonstrated that circFUT8 and miR-570-3p were co-located in the cytoplasm of BCa cells. To our knowledge, the function of miRNA-570-3p has not been studied in many cancers, including BCa. The quantitative real-time PCR data demonstrated that miR-570-3p was upregulated in BCa tissues compared with the matched normal bladder tissue, and the function assay showed that miR-570-3p promoted the migration and invasion of BCa cell lines in vitro and LN metastasis in vivo, implying that miR-570-3p exerted an oncogenic role in BCa. Subsequent biological analyses confirmed that circFUT8 could reverse the oncogenic role of miR-570-3p in BCa. All together, our experiments strongly suggested that circFUT8 might regulate gene expression to modulate the biological characteristics of BCa by sponging miR-570-3p. KLF10, originally called TGF-b (transforming growth factor-b)-inducible early gene-1 (TIEG1), was a zinc-finger-containing transcription factor and identified as an early response gene after TGFb treatment in human osteoblasts. 36 Here, we identified that KLF10 was the direct downstream of miR-570-3p based on the following evidence: miR-570-3p possessed the complementary sequence with the 3 0 UTR of KLF10 mRNA predicted by miRbase and miRTarBase, and luciferase report assays also indicated that the binding reaction existed between miR-570-3p and the 3 0 UTR of KLF10 mRNA. Next, we found that miR-570-3p reversely regulated the expression of KLF10. The previous evidence revealed that KLF10 was downregulated in a series of cancers and inhibited the radiosensitivity, growth, and metastasis of cancer cells. [37] [38] [39] [40] An important investigation discovered that KLF10 significantly inhibited tumor metastasis by inhibiting the transcription of Slug. 22 In our study, western blot analysis was performed, and the results supported the finding that KLF10 negatively regulated the expression of Slug. Here, we proposed that KLF10 played a central role in determining the effect of epithelial-to-mesenchymal transition (EMT) by the regulation of Slug and its downstream E-cadherin.
To summarize, we identified that circFUT8 was downregulated in BCa tissues and that low circFUT8 was associated with poor prognosis, high histological grade, and LN metastasis. Also, circFUT8 inhibited the migration and invasion of BCa cells and harbored the binding site with miR-570-3p. Furthermore, our results demonstrated that miR-570-3p promoted tumor metastasis by inhibiting KLF10-mediated Slug signaling in BCa cells. Additionally, circFUT8 promoted KLF10 expression by competitively sponging miR-570-3p. Thus, we speculated that the regulatory signal of circFUT8/miR-570-3p/ KLF10/Slug was involved in LN metastasis of BCa, which may have considerable potential as a prognostic predictor and therapeutic target for BCa with LN metastasis.
MATERIALS AND METHODS
Ethics Statement and Patient Tissue Specimens
All animal experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health and approved by the Ethics Committee of Sun Yat-sen University. 145 BCa tissues with follow-up information and 50 matched adjacent normal bladder tissues were obtained from patients who underwent surgery in the Sun Yat-sen Memorial Hospital, Sun Yat-sen University, between 2010 and 2017. The use of human BCa tissues was approved by the Ethics Committee of Sun Yat-sen Memorial Hospital, Sun Yat-sen University. Written informed consent was obtained from all patients involved in this study. We defined the BCa stage according to the criteria of the 2009 seventh edition of the TNM Classification of Malignant Tumours from the International Union Against Cancer.
Cell Culture and Isolation of T24 Sublines
Normal human urothelial cell line SV-HUC-1 and the human BCa cell lines T24 and UM-UC-3 were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). T24 was cultured in RPMI-1640 medium (GIBCO, Gaithersburg, MD, USA), UM-UC-3 was cultured in DMEM (GIBCO, Gaithersburg, MD, USA), and SV-HUC-1 was cultured in F-12K medium (GIBCO, Gaithersburg, MD, USA). The cells were cultured in the humid atmosphere at 37 C with 5% CO 2 and all aforementioned different culture mediums were supplemented with 10% fetal bovine serum (FBS; Biological Industries, Beit Haemek, Israel) and 1% penicillin/ streptomycin (GIBCO, Gaithersburg, MD, USA), respectively.
The repeated Transwell assay was used to isolate highly and poorly invasive T24 sublines, and the detailed process was described in our previous study. 17 After eight rounds of selection, T24 cells that totally failed to invade through the chamber were defined as poorly invasive T24 subline cells. On the other hand, the highly invasive T24 subline cells successfully invaded through the chamber during all selection rounds. The characteristics of the T24 sublines were confirmed by Transwell and wound-healing assays before use in our study.
RNA Extraction, RNase Treatment, Actinomycin D Assay, and PCR Assay
Total RNA was isolated from cells and tissues by RNAiso Plus (TaKaRa Bio, Shiga, Japan). gDNA was isolated using the MiniBEST Universal Genomic DNA Extraction Kit v.5.0 (TaKaRa Bio, Shiga, Japan). For actinomycin D assay, T24 and UM-UC-3 cells were treated with 2 mg/mL actinomycin D (Sigma, St. Louis, MO, USA) to block transcription for 8, 16, and 24 h. RNase R treatment was processed in RNAs extracted from T24 and UM-UC-3 at 37 C with RNase R (Epicentre Technologies, Chicago, IL, USA) for 30 min under the protocol of a previous study. 17 The Nuclear and Cytoplasmic Extraction Kit (Life Technologies, Camarillo, CA, USA) was applied to isolate RNA from nuclear and cytoplasm extracts according to the manufacturer's instructions. Complementary DNA was synthesized using random primers and the reverse transcription kit PrimeScript RT Master Mix (TaKaRa Bio, Shiga, Japan). For miRNA, the target miRNA reverse transcription primer and PrimeScript RT Master Mix (TaKaRa Bio, Shiga, Japan) were used to synthesize the complementary DNA. Quantitative real-time PCR was carried out with the TB Green Premix Ex TaqII (TaKaRa Bio, Shiga, Japan) in a Quantstudio Dx system (Applied Biosystems, Singapore, Singapore). For quantitative real-time PCR, GAPDH was used as an internal standard control for circRNA and mRNA, and the abundance of F) The characteristics of psiCHECK-2-wild-type circFUT8 (circ-wt) and psiCHECK-2 mutant-type circFUT8 (circ-mut) (E). Luciferase reporter assay indicated that miR-570-3p mimic significantly reduced the Rluc activity of circ-wt but not circ-mut (F). (G and H) circFUT8 was assessed by quantitative real-time PCR (G) after RNA pull-down assay, and the quantitative real-time PCR products from input and the RNA pull-down assay were used for gel electrophoresis (H). Oligo probe was used as negative control for RNA pull-down assay, and GAPDH was considered the internal control of gel electrophoresis. (I) miR-570-3p was analyzed by quantitative real-time PCR after RNA pull-down assay using circFUT8 probe. (J) circFUT8 captured by biotin-coupled miR-570-3p or miR-570-3p mutant mimics in T24 and UM-UC-3 cells was quantified by quantitative real-time PCR. (K) FISH assay demonstrates the colocalization of circFUT8 and miR-570-3p in the T24 cell line. Nuclei were stained with DAPI. The circFUT8 probe was labeled with Cy3, and the miR-570-3p probe was labeled with Cy5. Scale bar, 50 mm. Data are presented as the mean ± SEM of three experiments. *p < 0.05; **p < 0.01, Student's t test. www.moleculartherapy.org miRNA was normalized to small nuclear U6. The data of relative expression were calculated by the 2 ÀDDCT method.
Plasmid Construction and Transfection
The circFUT8 sequence was cloned into the plenti-ciR-GFP-T2A vector (IGE Biotechnology, Guangzhou, China) to construct its overexpression plasmid. The luciferase reporter plasmids of circFUT8 and KLF10 3 0 UTR were synthesized using the psiCHECK-2 vector (Synbio Technologies, Suzhou, China). siRNA and miRNA mimic or inhibitor were transfected using Lipofectamine RNAiMax (Invitrogen, Waltham, MA, USA). X-tremeGENE (Sigma, St. Louis, MO, USA) was applied for plasmid transfection. The transfection procedure was under the guidance of the manufacturer's protocol. Lentiviruses containing miR-570-3p plasmid www.moleculartherapy.org (PCDH-CMV-MCS-EF1a-GFP-puro vector) for overexpression were constructed by iGene (Guangzhou, China). Lentivirus packaging for circFUT8 and stable transfection cell screening were carried out as described in a previous study. 17 
Cell Migration and Invasion
For wound-healing assays, the transfected cells were cultured to nearly 100% confluence in six-well plates, and the wound was created by scratching the cell layer using sterile 200-mL plastic pipette tips. The cells were further cultured in medium containing 1% FBS. The relative migration of cells was calculated as diminishing wound distance normalized to the 0-h control.
For Transwell invasion and migration assays, 7 Â 10 4 transfected cells in 200 mL 1% FBS medium were seeded in the top chamber of a 24-well Transwell chamber (8 mm, Corning, Costar, Corning, NY, USA) with or without pre-coated Matrigel (BD Biosciences, USA). 600 mL medium containing 10% FBS was placed into the lower chamber as a chemoattractant. If not specially indicated, the time of Transwell assay was 8 h (T24) and 22 h (UM-UC-3) for migration or 12h (T24) and 30h (UM-UC-3) for invasion. Then, the chambers were fixed with 4% paraformaldehyde and stained with 0.2% crystal violet. The cells on the upper membrane surface were removed by a cotton swab, and the migrated or invaded cells on the lower membrane surface were photographed by microscopy (Nikon, Tokyo, Japan) at 200Â magnification. The aforementioned experiments were performed three times.
FISH
BCa cells were cultured to 50% confluence in the confocal dish before this assay. The Cy3-labeled probe to circFUT8 hybridizing with the back-splicing junction site and the Cy5-labeled probe to miRNA-570-3p were designed and synthesized at GenePharma (Shanghai, China). The signals of the probes were processed by using a FISH kit (GenePharma, China) according to the manufacturer's instructions. Briefly, the cells were washed with PBS and fixed with 4% paraformaldehyde for 15 min. After adding the mixture of probe, the confocal dish was incubated at 73 C for 5 min and at 37 C for 15 h in the dark. The nuclei were stained by 4', 6-diamidino-2-phenylindole (DAPI). The images were acquired on a Zeiss LSM 800 confocal microscope (Carl Zeiss, Jena, Germany).
RIP
The RIP assay was carried out using the Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, Burlington, MA, USA) according to the manufacturer's protocol. Briefly, anti-AGO2 and control IgG (Millipore, Burlington, MA, USA) were incubated with magnetic beads at room temperature for 30 min. Next, cells (1 Â 10 7 ) were lysed in lysis buffer, and the cell lysate was conjugated to coated magnetic beads on a rotator at 4 C overnight. The beads were then washed, and the co-precipitated RNA was isolated using RNAiso Plus. The extracted RNA was examined by quantitative real-time PCR to investigate the enrichment of circFUT8.
Luciferase Reporter Assay
Cells were seeded in 24-well plates at a density of 4 Â 10 4 cells per well 24 h before transfection. The cells were co-transfected with luciferase reporter plasmids and miRNA mimics. After 48 h, the firefly and Rluc activities were measured by a dual-luciferase reporter assay system (Promega, Madison, WI, USA). The relative Rluc activity was normalized to firefly luciferase, and each assay was repeated in three independent experiments.
Biotin-Coupled Probe Pull-Down Assay
The biotin-coupled probe targeted circFUT8 hybridizing with the back-splicing junction site was designed, and a random oligo probe was used as a negative control. The details of pull-down assay were carried out as previously described. 17, 18 Briefly, the circFUT8 probe and oligo probe were incubated with streptavidin magnetic beads (Life Technologies, USA) at room temperature for 2 h. About 1 Â 10 7 cells were fixed with 1% formaldehyde, lysed in lysis buffer, and incubated with the probe-coated magnetic beads at 4 C overnight. Finally, the magnetic beads were washed five times with the lysis buffer, and the RNA complexes bound to the beads were eluted and extracted with RNAiso Plus for quantitative real-time PCR.
Biotin-Coupled miRNA Capture
The stable overexpression of circFUT8 BCa cells were transfected with biotin-coupled miRNA mimic (GenePharma, Shanghai, China). After 48 h, the cells were harvested and lysed in lysis buffer. To prepare the blocked beads, streptavidin magnetic beads were washed with lysis buffer three times and blocked with yeast tRNA for 2 h on a rotator at 4 C. Then, the cell lysis buffer was incubated with the blocked beads at 4 C overnight. The beads were washed with lysis buffer five times, and the RNAs specifically binding to miRNA were purified with the RNeasy Mini Kit (QIAGEN, Hilden, Germany). The abundance of circFUT8 was detected by quantitative real-time PCR in three independent experiments.
Xenografts in Mice
BALB/c nude mice (4 weeks old) were purchased from the Experimental Animal Center, Sun Yat-sen University, and the animal experiment procedures were approved by the Animal Ethic Committee of Sun Yat-sen University. To evaluate the roles of circFUT8 and miR-570-3p in LN metastasis of BCa, the popliteal lymphatic metastasis model was applied in our study. The stably expressed circFUT8 or miR-570-3p UM-UC-3 cells were constructed by the lentivirus-transduced method. The footpads of nude mice were downregulation of KLF10 and E-cadherin in T24 and UM-UC-3 cells transfected with KLF10 siRNA were partially reversed by the overexpression of circFUT8, as detected by western blot. (E) The enhanced migration and invasion abilities of UM-UC-3 cells by KLF10 siRNA were partially reversed by the overexpression of circFUT8 using Transwell assay. The times for Transwell assays were as follows: 10 h (T24) and 25 h (UM-UC-3) for migration and 15 h (T24) and 34 h (UM-UC-3) for invasion. Scale bars, 100 mm. Data are presented as the mean ± SEM of three experiments. *p < 0.05; **p < 0.01, Student's t test.
injected with 5 Â 10 6 constructed UM-UC-3 cells suspended in 50 mL PBS. After 3 or 4 weeks, the primary tumors in footpad and popliteal LNs were paraffin embedded for further analysis.
Western Blot
Cells were collected and lysed with RIPA lysis buffer (Beyotime, Nanjing, China) with protease and phosphatase inhibitors added (CWBio, Beijing, China). Protein samples were separated by SDS-polyacrylamide-gel electrophoresis and transferred to polyvinylidene fluoride membranes. Then the membranes were incubated with the following primary antibodies at 4 C for 12 h: KLF10 (Santa Cruz Biotechnology, 1:1,000), Slug (Cell Signaling Technology, 1:1,000), E-cadherin (Cell Signaling Technology, 1:1,000), and GAPDH (Abcam, 1:5,000). Then, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody at room temperature for 1 h. The protein-band signal was detected with the ECL Detection Kit (Millipore, Darmstadt, Germany) and visualized using an Optimax X-ray Film Processor (Protec, Oberstenfeld, Germany).
H&E Staining and IHC Assay
This experiment was performed as previously described. 41 The paraffin-embedded tissues from nude mice were cut into 4-mm slides for H&E and IHC. The primary antibodies used in this study were KLF10 (Santa Cruz Biotechnology, 1:200) and Slug (Cell Signaling Technology, 1:200). The images were obtained by using a Nikon Eclipse 80i system (Nikon, Tokyo, Japan).
Sequence Information Used in This Study
The sequences of the primers, oligonucleotides, and probes used in this study are provided in Table S2 .
Statistical Analysis
Statistical analysis was performed with SPSS v.19.0 (IBM, SPSS, Chicago, IL, USA). The chi-square test was carried out to assess the association of the circFUT8 level with the patients' clinicopathological parameters. Overall survival analysis was assessed by Kaplan-Meier method and log-rank test. Comparison between two groups was performed by Student's t test, Wilcoxon rank-sum test, or Mann-Whitney test. The data were indicated as the mean ± standard error of the mean (SEM), and a p value less than 0.05 was considered statistically significant. 
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